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				The mechanisms of action of smoke chemicals, karrikins (KARs) and cyanohydrins in breaking seed dormancy have received increased attention in recent years. In this work, we sought to investigate the function of gibberellin (GA), nitric oxide (NO), and reactive oxygen species (ROS) metabolism in the dormancy release of karrikinolide (KAR1)- and/or cyanide-sensitive seeds of three Mediterranean midland species. Seeds of Barbarea duralii (Brassicaceae; both KAR1- and cyanide-sensitive), Turritis laxa (Brassicaceae; cyanide-sensitive) and Verbascum cariense (Scrophulariaceae; KAR1-sensitive) were exposed to gibberellic acid (GA3), H2O2, sodium nitroprusside and acidified nitrite treatments. A GA biosynthesis inhibitor (paclobutrazol), a NO scav-enger (carboxy-PTIO), and a NADPH oxidase inhibitor (diphenyleneiodonium) were also used in the presence of KAR1 or cyanohydrin mandelonitrile. Our results showed that cyanide-sensitive B. duralii and T. laxa seeds responded to all GA3, NO and H2O2 treatments, whereas KAR1-sensitive V. cariense seeds responded only to GA3. Moreo-ver, GA biosynthesis was necessary for the stimulatory effects of both KAR1 and cya-nide. The data also suggest that KAR1-promoted germination may depend on NADPH oxidase activity and that NO metabolism was involved in cyanide-mediated dormancy release. Our study provides evidence for an interplay between GA, ROS and NO metabolism in smoke-induced dormancy alleviation. However, the observed mecha-nisms of action differed depending on the sensitivity of the seeds to KAR1 or cyanide.

			

		

		
			
				Introduction

				Karrikins (KARs), furan-2(5H)-ones and cyano-hydrins released during the combustion of plant biomass regulate seed dormancy and germi-

			

		

		
			
				nation in post-fire environments (Kępczyński & Kępczyńska 2023). In particular, cellulose-derived karrikinolide (KAR1) has been shown to enhance seed germination and early seedling growth in a wide range of plants under both 
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				normal and stress conditions (Çatav et al. 2018, Shah et al. 2020, Moyo et al. 2022). Addition-ally, cyanohydrin compounds (e.g., glyceroni-trile and mandelonitrile) can break seed dor-mancy through the action of cyanide (Flematti et al. 2011). Together KARs and cyanohydrins represent two major chemical groups responsible for smoke-induced dormancy release, and their interaction may result in a synergistic effect on seed germination (Çatav et al. 2024a). In contrast, furan-2(5H)-ones (e.g., 3,4,5-trimethyl-furan-2(5H)-one, TMB) are capable of inhibiting germination even at micromolar concentrations (Burger et al. 2018).

				In recent years, increasing attention has been paid to understanding how smoke and KAR1 alter physiological processes during seed germi-nation. Smoke and KAR1 have been suggested to modify phytohormone levels, increase hydro-lytic enzyme activities, regulate reactive oxygen species (ROS)–antioxidant status, and activate cell cycle progression (Kępczyński 2018, Sami et al. 2022). For example, a remarkable decrease in abscisic acid (ABA) levels was observed in KAR1- and smoke-treated seeds of Avena fatua, Brassica oleracea, and Nicotiana atte-nuata. Conversely, KAR1 and/or smoke often increased gibberellin (GA) and ethylene levels in seeds of these species (Schwachtje & Bald-win 2004, Ruduś et al. 2019, Sami et al. 2019, Kępczyński et al. 2024). In addition, the activi-ties of hydrolytic enzymes, such as α-amylase, β-amylase, endo-β-mannanase and lipase, were found to be elevated in Lactuca sativa and A. fatua seeds in response to KAR1 and smoke treatments (Gupta et al. 2019, Orlowska & Kępczyński 2024). Moreover, KAR1 applica-tion significantly increased hydrogen peroxide (H2O2) and superoxide anion contents, and had either negative or positive effects on seed super-oxide dismutase and catalase activities (Cem-browska-Lech et al. 2015, Sami et al. 2019). Cembrowska-Lech & Kępczyński (2016) also reported that KAR1 altered the activities or levels of enzymatic and non-enzymatic antioxidants involved in the ascorbate-glutathione cycle in A. fatua caryopses.

				Nitric oxide (NO), ROS and a variety of phy-tohormones (e.g., ABA, GA and ethylene) play a central role in controlling seed dormancy and 

			

		

		
			
				germination in plants (Zhang et al. 2023b). In particular, the balance and interaction between ABA and GA metabolism are key determinants of whether seeds remain dormant or germinate (Jhanji et al. 2024), while ethylene promotes dormancy release in many plants by counteract-ing the action of ABA (Shu et al. 2016). Further-more, ROS and NO can facilitate the breaking of seed dormancy through a number of mecha-nisms, including changes in ABA/GA levels, modulation of cellular redox status, and cell wall loosening (Bailly & Merendino 2021, Bykova & Igamberdiev 2024). Previously, the role of these phytohormones and signalling molecules in KAR1-induced seed dormancy release and germination has been investigated by applying exogenous GAs, ethylene, H2O2, ROS-generat-ing compounds, nitrogen dioxide, and NO-gen-erating chemicals to smoke- or KAR1-sensitive seeds of different species (Preston et al. 2004, Kępczyński & Van Staden 2012, Cembrowska-Lech et al. 2015). Inhibitors of GA and ethyl-ene biosynthesis and perception, ROS and NO scavengers, and inhibitors of ROS-generating enzymes were also tested in the presence of smoke and/or KAR1 (Light & Van Staden 2003, Cembrowska-Lech et al. 2015, Cembrowska-Lech & Kępczyński 2016, Ruduś et al. 2019). The results of these studies suggest that exog-enous GA3, ROS and NO treatments can enhance the germination of several KAR1- and/or smoke-sensitive species, and that ethylene perception, GA biosynthesis and maintenance of a certain level of ROS are required for KAR1-induced dormancy alleviation. However, seeds of most studied species, such as Avena fatua, Brassica oleracea, and Emmenanthe penduliflora, are also known to be cyanide-responsive (Flematti et al. 2011, Sami et al. 2021, Çatav et al. 2024b). Given that cyanide is an important component of smoke-stimulated germination and may interact with NO and ROS metabolism (Yu et al. 2022), it is essential to determine the effects of the above compounds on KAR1-mediated dormancy release in species differing in their sensitivity to KAR1 and cyanide.

				In this study, we aimed to ascertain the role of NO, ROS and GA metabolism in KAR1- and cyanide-promoted seed germination. Accord-ingly, seeds of KAR1-sensitive Verbascum 
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				cariense (Scrophulariaceae), cyanide-sensitive Turritis laxa (Brassicaceae), and both KAR1- and cyanide-sensitive Barbarea duralii (Bras-sicaceae) were treated with different concentra-tions of GA3, sodium nitroprusside, acidified nitrite and H2O2. Verbascum cariense and T. laxa seeds were also exposed to an inhibitor of GA biosynthesis (paclobutrazol, PAC), a NO scav-enger (carboxy-PTIO), and a NADPH oxidase inhibitor (diphenyleneiodonium, DPI) in the presence of KAR1 and mandelonitrile (MAN), respectively. We hypothesised that (i) KAR1- and cyanide-sensitive species might have dif-ferent germination responses to GA3, H2O2 and NO-producing compounds, and (ii) inhibitors or scavengers affecting ROS, NO or GA3 pathways could specifically reduce the stimulatory effect of KAR1 and MAN on germination.

				Material and methods

				Study area and seed collection

				In our recent study (Çatav et al. 2024a), seeds of T. laxa, V. cariense and B. duralii were found to be highly sensitive to MAN, KAR1 and both compounds, respectively. Thus, these herbaceous species are suitable for studying the mechanisms of smoke-stimulated seed germination. Seeds of the three species, collected by Çatav et al. (2024a) on 20 August 2023 from different sites on Sandras Mountain (Köyceğiz/Muğla, south-western Turkey) were used in this study. The study area is characterised by a Mediterranean climate with serpentine soils. Pinus nigra subsp. pallasiana forests cover most of the sampling 

			

		

		
			
				sites, some parts of which were burned in 2021. After field collection, the seeds were separated from the fruits and stored in plastic tubes at room temperature until the experiments.

				Preparation of test solutions and smoke-water

				Smoke-water (SW) was produced according to the protocol described by Çatav et al. (2024a) using pine kindling as fuel. After sequential filtration through double-layer filter paper and 0.45 µm membrane filter, the solution was accepted as 100% concentration. We also used smoke chemicals, KAR1 and MAN, and seven compounds related to GA3, ROS and NO metab-olism (Table 1) to prepare test solutions.

				Germination protocol

				Seeds of B. duralii, T. laxa and V. cariense were sterilised with a bleach-water solution con-taining 1.05% NaClO (w/v) for 10 min, and washed with sterile distilled water until no chlo-rine odour remained; the surface of the seeds was immediately dried with autoclaved paper towels. The seeds were placed in plastic Petri dishes (Ø 55 mm) with two circular filter papers (Ø 50 mm) moistened with 4 mL of test solu-tion. The dishes were sealed with Parafilm and transferred to an incubator (Nüve ES 120) set at 20 °C in the dark (Çatav et al. 2024b). Germi-nation counts were made twice a week for the first three weeks and once a week for the next three weeks, under dim light using a stereomi-

			

		

		
			
				Table 1. The abbreviations, characteristics, and suppliers of the compounds used in this study.

					Abbreviation	Type or function	Supplier

				Acidified nitrite (pH = 4.0)	NaNO2	NO-generating compound in acidic conditions	Merck

				Carboxy-PTIO potassium salt	cPTIO	NO scavenger	Sigma-Aldrich

				Diphenyleneiodonium chloride	DPI	NADPH oxidase inhibitor	Sigma-Aldrich

				Gibberellic acid	GA3	Phytohormone	Merck

				Hydrogen peroxide	H2O2	Reactive oxygen species (ROS)	Merck

				Karrikinolide	KAR1	Smoke-derived compound	Carbosynth

				Mandelonitrile	MAN	Cyanohydrin	Sigma-Aldrich

				Paclobutrazol	PAC	Gibberellin biosynthesis inhibitor	Sigma-Aldrich

				Sodium nitroprusside dihydrate	SNP	Compound releasing NO+, cyanide and iron	Merck
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				croscope. Germination was recorded when the radicle visibly emerged from the testa. At the end of the experiments, non-germinated seeds with intact embryos were considered viable based on the cut test (Ghaderi-Far et al. 2021).

				Experiments

				To investigate the mechanisms involved in seed germination induced by KAR1 and cyanohy-drin, we performed five germination experi-ments, each lasting six weeks, initiated between 4 December 2023 and 9 January 2024. The first four experiments included all three study spe-cies, while the fifth experiment only included T. laxa and V. cariense. In the first experiment, we aimed to validate the previous results of Çatav et al. (2024a) showing that the study species were responsive to KAR1 and/or MAN. For this purpose, the seeds were treated with SW (0.5%), KAR1 (0.1 µM) and MAN (50 µM) solutions. The second experiment tested the effects of different concentrations of GA3 (0.01, 0.1 and 1 mM) on the species’ germination. In the third experiment, the germination response to ROS was determined using H2O2 solution (1, 5 and 10 mM). In the fourth experiment, we used SNP (100, 250 and 500 µM) to assess whether the seeds were sensitive to NO. Because iron and cyanide are additional degradation products of SNP besides NO+, acidified NaNO2 (pH = 4.0) solutions in different concentrations (250, 500 and 1000 µM) were also used to verify the specific effect of NO (Ciacka et al. 2022). In the final experiment, T. laxa and V. cariense seeds were treated with cPTIO (150 µM), DPI (25 µM) and PAC (75 µM) in the presence of MAN (50 µM) and KAR1 (0.1 µM), respec-tively, to determine the roles of gibberellin, NO and ROS metabolism in smoke chemical-induced seed germination. The concentrations of all compounds were based on previous studies and preliminary experiments (Bethke et al. 2007, Cembrowska-Lech et al. 2015, Çatav 2023, Çatav et al. 2024a, b). Distilled water (pH 6) was used as a control in all experiments except for the acidified NaNO2 assay, where the pH was adjusted to 4. Because the working concentra-tions of cPTIO, DPI and PAC contained small 

			

		

		
			
				amounts (0.45–0.47%) of dimethyl sulfoxide (DMSO), 0.47% (v/v) DMSO was included as a solvent (negative) control in the fifth experiment. Three replicates of 25–30 seeds per treatment were used in each germination assay.

				Data analysis

				Before analysing the data from the germina-tion experiments the seeds in the Petri dishes were classified as germinated or non-germinated. For each experiment, a generalised linear model (GLM) was used to compare the proportions of germinated seeds between treatments. We chose this model because it can be applied without data transformation and it may provide a better fit than a one-way analysis of variance (ANOVA; Carvalho et al. 2018). The GLM was run with a binomial error distribution in R (version 4.2.3; R Core Team 2023) at a significance level of 0.05 (Carvalho et al. 2018). Pairwise comparisons were conducted using estimated marginal means with the emmeans package (https://CRAN.R-project.org/package=emmeans).

				Results

				When testing the effects of smoke water (SW, 0.5%), karrikinolide (KAR1, 0.1 µM) and man-delonitrile (MAN, 50 µM) on seed germination of B. duralii, T. laxa and V. cariense, all three species had less than 20% germination in the control (Fig. 1). Barbarea duralii seeds were sensitive to KAR1, MAN and SW. Seeds treated with KAR1 had the highest germination percent-age, 3.19-fold higher than in the control. Turritis laxa seeds were highly responsive to MAN; however, KAR1 and the tested SW concentration failed to induce germination. In V. cariense, SW and KAR1 treatments increased the germina-tion 3.13- and 3.32-fold, respectively, compared with the control (p < 0.05), while MAN had no significant effect. Overall, B. duralii seeds were sensitive to both KAR1 and MAN, whereas T. laxa and V. cariense seeds were only sensitive to MAN or KAR1, respectively.

				When testing the germination responses to different concentrations of gibberellic acid 
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				(GA3, 0.01–1 mM), all the species again had low germination percentages (< 15%) in the control (Fig. 2). Barbarea duralii seeds showed a positive germination response only to the highest concentration of GA3 (1 mM). Con-versely, all GA3 treatments markedly promoted the germination of T. laxa and V. cariense seeds (p < 0.05). In T. laxa, the highest germina-tion percentage was observed in the 0.1 mM GA3 treatment, with a 4.45-fold increase over the control. Both 0.1 and 1 mM GA3 strongly increased the percentage of germinated seeds in the KAR1-sensitive V. cariense. In particular, 1 mM GA3 increased germination from 14.7% to 98.8%. None of the GA3 treatments tested had a negative effect on germination in any of the species.

			

		

		
			
				We used three hydrogen peroxide (H2O2) concentrations (1–10 mM) to determine the effect of reactive oxygen species (ROS) on seed germination in the study species (Fig. 3). Germi-nation of the KAR1- and MAN-sensitive B. dura-lii seeds was significantly stimulated by 5 mM H2O2. In the MAN-sensitive species T. laxa, approximately a threefold increase (p < 0.05) in the germination percentage was observed with 5 and 10 mM H2O2. However, H2O2 treatments had no appreciable effect on the germination of KAR1-sensitive V. cariense seeds. Overall, only the cyanohydrin-responsive seeds showed a positive germination response to the H2O2 treat-ments tested.

				Different concentrations of sodium nitro-prusside (SNP, 100–500 µM) and acidified 

			

		

		
			
				Fig. 1. Effects of smoke-water (SW), karrikinolide (KAR1) and mandelonitrile (MAN) on germination of the study species. Results are presented as mean ± standard error of the mean (n = 3 Petri dishes with 25–30 seeds per treatment). Significant differences among treatments within each species were determined by GLM followed by the emmeans post hoc test (p < 0.05) and are indicated by different letters; treatments sharing the same letter are not significantly different.

			

		

		
			
				Fig. 2. Effect of gibberellic acid (GA3) treatments on germination of the study species. Results are presented as mean ± standard error of the mean (n = 3 Petri dishes with 25–30 seeds per treatment). Significant differences among treatments within each species were determined by GLM followed by the emmeans post hoc test (p < 0.05) and are indicated by different letters; treatments sharing the same letter are not significantly different.
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				NaNO2 (pH = 4.0, 250–1000 µM) were used to evaluate the impact of NO on seed germination in the study species (Figs. 4 and 5). Both SNP and NaNO2 treatments triggered the germination of KAR1- and MAN-sensitive seeds of B. dura-lii. The response to NaNO2 increased progres-sively with concentration. All SNP and NaNO2 treatments markedly promoted germination in the MAN-sensitive T. laxa seeds, resulting in a 4.60- to 5.62-fold increase in germination per-centage compared with the control (p < 0.05). In contrast, the KAR1-sensitive V. cariense seeds did not respond to the NO-generating com-pounds.

				The effects of cPTIO (150 µM), DPI (25 µM) and PAC (75 µM) on the germination of T. laxa and V. cariense seeds were tested in the presence of MAN (50 µM) and KAR1 (0.1 µM), respectively (Fig. 6). The solvent 

			

		

		
			
				DMSO (0.47%) used to prepare the test solutions did not affect germination compared with the control (distilled water). While MAN promoted the germination of T. laxa, cPTIO and especially PAC reversed this effect (p < 0.05). Germination did not differ significantly between MAN and MAN + DPI treatments. In V. cariense, KAR1 significantly increased germination compared with the control (p < 0.05). DPI and PAC mark-edly inhibited the stimulatory effect of KAR1 and even reduced the germination below the control level; cPTIO had no such effect. These findings suggest that GA biosynthesis is required for germination promoted by both smoke chemi-cals and that NO production and NADPH oxi-dase activity contribute to the actions of MAN and KAR1, respectively.

				Main results of the germination experiments are summarized in Table 2.
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				Fig. 3. Effect of hydrogen peroxide (H2O2) treatments on germination of the study species. Results are presented as mean ± standard error of the mean (n = 3 Petri dishes with 25–30 seeds per treatment). Significant differences among treatments within each species were determined by GLM followed by the emmeans post hoc test (p < 0.05) and are indicated by different letters; treatments sharing the same letter are not significantly different.

			

		

		
			
				Fig. 4. Effect of sodium nitroprusside dihydrate (SNP) treatments on germination of the study species. Results are presented as mean ± standard error of the mean (n = 3 Petri dishes with 25–30 seeds per treatment). Significant differences among treatments within each species were determined by GLM followed by the emmeans post hoc test (p < 0.05) and are indicated by different letters; treatments sharing the same letter are not significantly different.
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				Discussion

				Understanding the mechanisms underly-ing smoke-induced seed dormancy release has recently been the subject of growing interest (Pandey et al. 2024). Since plant-derived smoke contains two major chemical groups, namely kar-rikins (KARs) and cyanohydrins, that are respon-sible for breaking dormancy, the selection of species responding only to KARs or cyanide is critical for assessing the changes associated with each chemical group and with smoke itself (Çatav et al. 2024b). In our recent study, we iden-

			

		

		
			
				tified three midland species, Verbascum cariense, Turritis laxa and Barbarea duralii, whose seeds are sensitive to karrikinolide (KAR1), mandeloni-trile (MAN) and both compounds, respectively (Çatav et al. 2024a). In the present experiments, we used the same seed lots as in Çatav et al. (2024a), enabling comparison of the dormancy loss and sensitivity to KAR1 and MAN between the 18–39-d-old seeds used previously and the 106–142-d-old seeds used here. A slight dor-mancy loss was observed in the 106–142-d-old seeds of B. duralii and T. laxa compared with the 18–39-d-old seeds (Fig. 7). However, the 

			

		

		
			
				Fig. 5. Effect of acidified nitrite treatments on germination of the study species. Results are presented as mean ± standard error of the mean (n = 3 Petri dishes with 25–30 seeds per treatment). Significant differences among treatments within each species were determined by GLM followed by the emmeans post hoc test (p < 0.05) and are indicated by different letters; treatments sharing the same letter are not significantly different.

			

		

		
			
				Fig. 6. Effects of karrikinolide (KAR1, 0.1 µM), mandelonitrile (MAN, 50 µM), carboxy-PTIO potassium salt (cPTIO, 150 µM), paclobutrazol (PAC, 75 µM) and diphenyleneiodonium chloride (DPI, 25 µM) treatments on germination of Turritis laxa and Verbascum cariense. Results are presented as mean ± standard error of the mean (n = 3 Petri dishes with 25–30 seeds per treatment). Significant differences among treatments within each species were determined by GLM followed by the emmeans post hoc test (p < 0.05) and are indicated by different letters; treatments sharing the same letter are not significantly different. Dimethyl sulfoxide (DMSO, 0.47%) was used as a solvent control.
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				duration of after-ripening did not seem to affect the dormancy level of V. cariense seeds. In their germination responses to smoke chemicals, a similar trend was observed to that reported by Çatav et al. (2024a), indicating that the sensitiv-ity of the tested species to KAR1 and/or MAN remained unchanged after nearly five months of storage at room temperature. The results of Çatav et al. (2024a) and the present study also suggest that germination in some of the studied species is stimulated by smoke-water (SW) in a concen-tration-dependent manner. Seeds of V. cariense were sensitive to low concentrations and T. laxa to high concentrations of SW. This emphasises the importance of using a wide range of smoke-water concentrations in germination experiments to avoid Type II errors (Moreira & Pausas 2018).

				Gibberellins (GAs) are a group of tetracy-clic diterpenoid hormones produced by bacteria, 

			

		

		
			
				fungi and plants. The biologically active forms of GAs, such as GA1, GA3, GA4 and GA7, play key roles in numerous physiological processes in plants, including seed germination, organ growth, pollen maturation, stem elongation and photomorphogenesis (Hernández-García et al. 2021). GAs upregulate the expression of hydro-lytic enzymes (e.g., α-amylase, proteases and β-glucosidase) that control nutrient mobiliza-tion during seed germination (Gao & Chu 2020, Zhang et al. 2023a). The potential role of GAs in KAR1-promoted seed germination has been investigated by many researchers. In this regard, exogenous GAs were applied to smoke- and KAR1-responsive species (Nelson et al. 2009, Çatav et al. 2024b). Furthermore, inhibitors of GA biosynthesis, such as ancymidol, flurprimi-dol and paclobutrazol (PAC), have been tested in the presence of KAR1 or smoke (Kępczyński 
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				Fig. 7. Comparison of the control germination percentages of Çatav et al. (2024a) and those obtained in the present study. The experiments of Çatav et al. (2024a) were initiated 18–39 d and those of the present study 106–142 d after seed collection. Results are presented as mean ± standard deviation of the mean (n = 3–6).

			

		

		
			
				Table 2. Summary of mechanisms inferred for karrikinolide (KAR₁)- and cyanide-responsive seeds based on the germination experiments.

					KAR1-sensitive seeds	Cyanide-sensitive seeds

				Response to exogenous application

				 GA3	yes	yes

				 ROS	no	yes

				 NO	no	yes

				Requirement

				 GA biosynthesis	yes	yes

				 NADPH oxidase activity	yes	no

				 NO action	no	yes
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				et al. 2013, Cembrowska-Lech & Kępczyński 2017). Finally, endogenous levels of total GAs or biologically active GAs were measured in response to KAR1 or smoke (Gardner et al. 2001, Kępczyński et al. 2024). These studies sug-gest that (i) smoke- and KAR1-sensitive species generally show a positive germination response to GAs, (ii) GA biosynthesis inhibitors impede the beneficial effect of smoke and KAR1 on germination, and (iii) smoke and KAR1 often cause an increase in endogenous GA levels. In our study, germination in all studied species was significantly enhanced by at least one of the GA3 concentrations ranging from 0.01 to 1 mM. This agrees with the findings of Çatav et al. (2024b), who evaluated the germination response of smoke- and KAR1-sensitive lowland species of the eastern Mediterranean to GA3. Moreover, our data reveal that PAC blocks not only the stimula-tory effect of KAR1 but also that of MAN, indi-cating that GA biosynthesis is required for both KAR1- and cyanide-induced seed germination. Overall, GA metabolism appears to be involved in the stimulation of germination by smoke and its active compounds.

				Reactive oxygen species (ROS), by-products of aerobic metabolism in plants, are essential molecules for redox biology and the maintenance of cellular function at concentrations between cytostatic and cytotoxic (Mittler 2017). A basal level of ROS is also required for seed dormancy release and germination. The mitochondrial electron transport chain and membrane-bound NADPH oxidases (NOXs) are the two major sites of ROS generation during germination (Bailly & Merendino 2021). The mechanisms by which ROS influence the processes of dormancy release and germination include post-transla-tional modification of proteins, DNA methyla-tion, chromatin remodeling, regulation of phy-tohormone levels and cell wall loosening (Bailly 2023, Wang et al. 2024). Cembrowska-Lech et al. (2015) suggested that ROS mediate the stim-ulation of germination by KAR1 in Avena fatua. Their results indicated that ROS treatments led to a marked increase in germination percentage and that H2O2 and superoxide anion levels in the caryopsis, embryo and aleurone layer increased after KAR1 treatment. In addition, diphenylenei-odonium (DPI), a NOX inhibitor, had a negative 

			

		

		
			
				impact on KAR1-induced germination. On the other hand, Çatav et al. (2024b) reported that exogenous ROS treatments enhanced germina-tion of the KAR1- and cyanide-sensitive seeds of Sarcopoterium spinosum, but not the KAR1-sen-sitive seeds of Onopordum caricum and Stachys cretica. In the present study, a comparable pat-tern was observed: cyanide-sensitive seeds of B. duralii and T. laxa responded positively to H2O2 treatments, whereas the KAR1-sensitive seeds of V. cariense did not. DPI was also applied with KAR1 or MAN to assess the role of NOXs in KAR1- and cyanide-induced seed germination. Our results show that DPI not only suppressed the promotive effect of KAR1 but also reduced the germination of KAR1-treated V. cariense seeds to less than one-sixth of the control value. In contrast, DPI had no significant effect on MAN-stimulated germination in T. laxa. Taken together, these results suggest that although only KAR1-sensitive seeds are unresponsive to exogenous ROS treatments, a certain level of ROS production by membrane-bound NOXs is necessary for the promotive effect of KAR1 during germination. Conversely, although MAN-sensitive seeds were responsive to exogenous ROS treatments, NOX activity does not seem necessary for MAN-stimulated germination. This may be explained by cyanide’s interfer-ence with mitochondrial respiration, leading to increased ROS formation independent of NOX activity (Sudawan et al. 2016, Yu et al. 2022). Further studies with a broader range of species are needed to determine whether NOX activity is a prerequisite for KAR1-mediated germination induction.

				Nitric oxide (NO) is a key signalling mole-cule that can be formed by oxidative or reductive pathways in various compartments of plant cells (Lutter et al. 2024). NO has been implicated in dormancy release and germination through multiple mechanisms, including regulation of phytohormone levels, enhancement of hydro-lytic enzyme activities, modulation of signalling pathways via post-translational modifications (e.g., tyrosine nitration and S-nitrosylation) and interplay with ROS for redox balance (Yan & Chen 2020, Çatav 2023, Bykova & Igamber-diev 2024). Nitrogen oxides, such as NO and NO2, have also been proposed to be responsi-
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				ble for smoke-triggered germination in Emme-nanthe penduliflora (Keeley & Fotheringham 1997, Keeley & Fotheringham 1998). However, Preston et al. (2004) reported that E. pendulif-lora seeds were unresponsive to the NO donors sodium nitroprusside (SNP) and S-nitroso-N-acetylpenicillamine (SNAP) at 10 and 100 µM. Similar results were obtained by Light and Van Staden (2003) for smoke-sensitive lettuce seeds, which did not respond to two NO donors in the range 10–1000 µM, and in which the NO scavenger cPTIO did not counteract the positive effect of smoke on germination.

				In our work, both SNP and acidified NaNO2 failed to improve the germination of the KAR1-sensitive V. cariense seeds compared with the control. Likewise, cPTIO did not interfere with the promotive effect of KAR1. On the other hand, all SNP and acidified nitrite treatments significantly increased germination in cyanide-sensitive seeds of B. duralii and T. laxa. Fur-thermore, cPTIO largely blocked the stimulatory effect of MAN on germination. Our results on the interaction of MAN and cPTIO are in line with those of Bethke et al. (2006) and Liu et al. (2011), who demonstrated that cyanide-induced dormancy release in Arabidopsis thaliana and Amaranthus retroflexus was NO-dependent. These findings suggest that NO metabolism is likely to be a component of cyanide-mediated dormancy alleviation and that nitrogen oxides may play an important role in post-fire germina-tion of cyanohydrin-responsive species like B. duralii and T. laxa.

				In conclusion, this study provides evidence for the interplay between GA, NO and ROS metabolism in smoke-related dormancy release. However, different mechanisms of action were observed depending on the sensitivity of the seeds to KAR1 or cyanohydrin (Table 2). For example, cyanide-sensitive T. laxa seeds responded to all GA3, H2O2 and NO treatments, whereas KAR1-sensitive V. cariense seeds responded only to GA3. In addition, PAC reversed the inductive effect of KAR1 and MAN on seed germination, indicating that GA biosynthesis is required for the action of both KAR1 and cyanide. Moreover, the results suggest that KAR1-mediated germina-tion may depend on NADPH oxidase activity, while NO metabolism appears to be involved in 

			

		

		
			
				cyanide-induced dormancy release. More exten-sive studies are needed to understand the com-plex interactions between phytohormones and signalling molecules in seeds treated with smoke and its active compounds.
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The mechanisms of action of smoke chemicals, karrikins (KARs) and cyanohydrins
in breaking seed dormancy have received increased attention in recent years. In this
work, we sought to investigate the function of gibberellin (GA), nitric oxide (NO), and
reactive oxygen species (ROS) metabolism in the dormancy release of karrikinolide
(KAR )- and/or cyanide-sensitive seeds of three Mediterranean midland species. Seeds
of Barbarea duralii (Brassicaceae; both KAR - and cyanide-sensitive), Turritis laxa
(Brassicaceae; cyanide-sensitive) and Verbascum cariense (Scrophulariaceae; KAR -
sensitive) were exposed to gibberellic acid (GA,), H,O,, sodium nitroprusside and
acidified nitrite treatments. A GA biosynthesis inhibitor (paclobutrazol), a NO scav-
enger (carboxy-PTIO), and a NADPH oxidase inhibitor (diphenylenciodonium) were
also used in the presence of KAR, or cyanohydrin mandelonitrile. Our results showed
that cyanide-sensitive B. duralii and T. laxa seeds responded to all GA,, NO and H,0,
treatments, whereas KAR -sensitive V. cariense seeds responded only to GA,. Moreo-
ver, GA biosynthesis was necessary for the stimulatory effects of both KAR and cya-
nide. The data also suggest that KAR -promoted germination may depend on NADPH
oxidase activity and that NO metabolism was involved in cyanide-mediated dormancy
release. Our study provides evidence for an interplay between GA, ROS and NO
metabolism in smoke-induced dormancy alleviation. However, the observed mecha-
nisms of action differed depending on the sensitivity of the seeds to KAR  or cyanide.

Introduction nation in post-fire environments (Kepczynski

& Kepcezynska 2023). In particular, cellulose-
Karrikins (KARs), furan-2(5H)-ones and cyano-  derived karrikinolide (KAR,) has been shown
hydrins released during the combustion of plant  to enhance seed germination and early seedling
biomass regulate seed dormancy and germi- growth in a wide range of plants under both
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